Abstract Iron is an essential element for plants and microbes. However, in most cultivated soils, the concentration of iron available for these living organisms is very low because its solubility is controlled by stable hydroxides, oxyhydroxides and oxides. In the rhizosphere, there is a high demand of iron because of the iron uptake by plants, and microorganisms which density and activity are promoted by the release of root exudates. Plants and microbes have evolved active strategies of iron uptake. Iron incorporation by these organisms lead to complex interactions ranging from competition to mutualism. These complex interactions are under the control of physico-chemical properties of the soils in which they occur, and reciprocally iron uptake strategies of plants and microbes impact these soil properties. These iron-mediated interactions between soils, plants and microbes impact the plant growth and health and their analysis, together with that of the resulting iron dynamics, is of a major agronomic interest. Analysis of the complex interactions soils, plants and microbes represent also a unique opportunity to progress in our knowledge of the rhizosphere ecology. This progression requires merging complementary expertises and study strategies in soil science, plant biology and microbiology. This review provides information on (i) iron status in soil and rhizosphere, iron uptake by plants and microbes, and on (ii) the corresponding study strategies. Finally, illustrations of how integration of these approaches allows gaining knowledge in the complex interactions occurring in the rhizosphere are given.
range of redox potential. In cultivated soils which are mainly oxic environments, iron is mostly in the Fe (III) redox state. The iron speciation in soil solution includes inorganic hydrolysis species and a range of inorganic and organic complexes. Iron is the fourth most abundant element of the earth crust. However in cultivated soils at pH values compatible with plant growth, the solubility of iron is controlled at extremely low levels by stable hydroxides, oxyhydroxides and oxides (Lindsay 1979; Marschner 1995) .
Iron is essential for plants and microorganisms due to its involvement in major metabolic processes such as reduction of ribonucleotides and molecular nitrogen, and the energy-yielding electron transfer reactions of respiration and photosynthesis (Guerinot and Yi 1994) . Iron is a central element of the photosynthetic electron transfer chain, and therefore plays an essential role in plant growth and ultimately in crop yield. Beside the yield, the plant iron uptake and homeostasis impact also the plant iron content, and therefore the quality of edible parts of plants. Increase of this content in order to enrich the amount of bioavailable iron in the diet is a major challenge of world agriculture because diet of humans the most affected by iron deficiency is mainly composed of plant products, poor in iron (Briat and Gaymard 2007) . The absolute biological requirement for iron contrasts with the concentrations of Fe(III) species generally far below those required for optimal growth of microbes (10 −5 to 10 −7 ) and plants (10 −4 to 10 −9 ) (Loper and Buyer 1991; Guerinot and Yi 1994) . In this context, it is a major challenge for microorganisms and plants to acquire Fe(III) which is essential for their metabolism and growth. To meet this challenge, plants and microbes have evolved active strategies of uptake which are based on a range of chemical processes. Basically, these strategies rely on (i) acidification of soil solution mediated based on the excretion of protons or organic acids, (ii) chelation of Fe(III) by ligands including siderophores with very high affinity for Fe 3+ , and (iii) reduction of Fe 3+ to Fe 2+ by reductases and reducing compounds. The efficacy of these active iron uptake strategies differ among organisms, leading to complex competitive and synergistic interactions among microbes, plants, and between plants and microbes. The chemical properties of the soil in which they occur have a strong effect on these interactions. In return the ironuptake strategies impact the soil properties and the iron status. Thus, multiple interactions between soils, plants and microorganisms are driving a complex iron cycle in the rhizosphere.
Interactions between soils-plants-microbes in relation with iron dynamics also impact plant health as illustrated by the natural suppressiveness of some soils to a major class of soilborne diseases consisting in the plant wilting caused by pathogenic Fusarium oxysporum (Steinberg et al. 2007 ). These suppressive soils are characterized by (i) their low concentration of Fe(III) in solution due to their high pH and CaCO 3 content and (ii) their high microbial biomass leading to a specially strong competition for iron (Lemanceau et al. 1988a; Scher and Baker 1982) . In these soils, the iron uptake of the pathogenic fungi is not efficient enough to meet their iron requirement and consequently their saprophytic growth is reduced and the frequency of root infections is decreased.
The analysis of these complex interactions and of the resulting iron dynamics is of major agronomic interest because they impact significantly the plant nutrition, growth and health. Science strives to provide solutions to this intricate problem, furthering our understanding of interactions between prokaryote and eukaryote organisms, in relation with their abiotic habitat (Robin et al. 2008) . The aim of this review is to illustrate these interactions and show how complementary expertises in soil sciences, plant biology and microbiology contribute to unravel their complexity in the rhizosphere.
Iron status in soil and rhizosphere

Summary of our knowledge
As indicated above, iron is an ubiquitous element in soils and sediments, usually found in the range of crustal abundance around 3.5 % (Taylor 1964; Blume et al. 2002) . It can be depleted in reducing environments due to its mobility in the divalent redox state and it can be enriched where iron rich reducing waters traverse redox gradients towards more oxidizing conditions (Cornell and Schwertmann 2003) . At any rate, the availability of iron and the iron status of plants is rarely a function of the total iron content of soils. An important factor controlling iron availability is the solubility (Lindsay 1979) and dissolution rates (Kraemer et al. 2006 ) of pedogenic Fe(III)oxides, -oxyhydroxides and -hydroxides (in this manuscript collectively called 'iron oxides' unless a specific mineral is addressed). Incidentally, both the solubility and dissolution rates of soil iron oxides are strongly pH dependent with minima around the neutral to slightly alkaline pH range which is characteristic for oxic calcareous soils (Lindsay 1979; Cornell and Schwertmann 2003) . These important properties of pedogenic iron bearing minerals are largely responsible for the strong sensitivity of plant iron acquisition to soil pH and the presence of carbonates as pH buffering phases. However, the reactivity of pedogenic iron bearing minerals is also influenced by redox processes and by the formation of iron complexes. All three factors, pH, local redox potential and the concentration of complexing agents, can be influenced or even regulated in the rhizosphere by plant root and microbial activity in order to increase the iron availability.
Acidification of the rhizosphere seems to be the obvious response to iron limitation in calcareous soils (Table 1) . Carbonate dissolution and concomitant pH buffering of the soil solution is fast compared to iron oxide dissolution, and therefore dissolution kinetics seems to work against this strategy. In other words, the acidification of the rhizosphere has to overcome, the pH buffering capacity of carbonates within the rhizosphere. However, due to the usually high total concentration of pedogenic iron oxides relative to the demand, it can be sufficient to mobilize iron from small soil volumes, for example in cluster roots or in biofilms.
Organic ligands with a sufficient affinity for iron to bind it against the high stability of iron oxides may also contribute to increasing iron availabilities (Kraemer 2004) . These are ubiquitous in the rhizosphere and include natural organic matter including humic and fulvic acids as well as a range of lysates and exudates from plant cells and microorganisms. Regulated exudation of organic ligands by plants and microorganisms is a known response to iron limitation (Marschner 1995) . These exudates include metabolites such as the organic acid citrate or iron specific organic ligands with a high affinity for iron binding, the so called (phyto-)siderophores. Phytosiderophores are exuded by graminaceous plants as a response to iron limitation (Takagi 1976) . They promote iron oxide dissolution by a ligand controlled dissolution mechanism (Reichard et al. 2007a) , similarly to microbial siderophores (Reichard et al. 2007b) . The dissolution process is subject to various influences causing synergistic or inhibitory effects including soil pH (Kraemer et al. 1999) , the presence of organic acids (Reichard et al. 2005) or biosurfactants (Carrasco et al. 2008) .
Finally, the enzymatic reduction of iron increases the kinetic lability of iron potentially increasing its availability . Considering the fast re-oxidation kinetics of iron in the circum-neutral pH range and the high redox potential of oxic soils, such a strategy is also bound to function locally or even on the molecular scale accelerating reaction mechanisms. Clearly, the decisive factor for the level of plant iron nutrition is the attainment of a critical concentration of bioavailable iron in the soil solution adjacent to the root surface (Simeoni et al. 1987 ). As discussed above, slow kinetics and/or thermodynamic properties of solubility controlling phases may limit iron uptake. To discuss these processes it is important to keep in mind the fundamental difference between conceptional approaches based on kinetic or thermodynamic limitations to iron bioavailability. A thermodynamic description of the soil system assumes that the soil solution and all soluble iron species are in equilibrium with each other and with a large (relative to the iron requirement) pool of pedogenic iron oxides. The fact that soils usually include various pedogenic iron oxide phases that are clearly not in equilibrium with each other (Cornell and Schwertmann 2003) immediately suggests the limits of such a model. However, a reasonable assumption can be proposed that the most kinetically labile and least thermodynamically stable pedogenic iron oxide is the phase that controls the solubility of iron. If iron is distributed homogenously and transport control is not important, an equilibrium model predicts that the concentration of Fe 3+ and of iron hydrolysis species is constant and only depends on pH. Biological uptake would have no effect and the presence of iron complexes of biogenic organic ligands would only serve as additional soluble iron pools. In such a system, a free ion activity model would not predict competition among iron acquiring organisms. On the contrary, processes such as acidification or iron reduction could potentially increase iron availability for other organisms leading to synergistic effects. The free ion activity model does not predict uptake of and competition for iron complexes. In the presence of a small and finite pool of iron specific organic ligands such as siderophores, competition among organisms possessing uptake systems for the corresponding iron complexes could occur due to depletion of the ligands.
Competition among soil organisms for iron could also imply that the soluble iron concentrations are under kinetic control due to slow iron oxide dissolution or ligand exchange rates. In such a system, biological uptake leads to decreasing concentrations of the total soluble iron pool. Moreover, exudation of siderophores or other ligands would lead to a shift of the iron speciation including a decreasing pool of iron hydrolysis species. Depending on the capability of an organism to take up iron complexes, this could lead to decreasing or increasing iron availability and organisms with uptake systems for a dominant organic iron complex would have a competitive advantage. Under kinetic control of iron concentrations, acidification, reduction and exudation of organic ligands would have an additional function in iron acquisition. They would serve to increase dissolution rates by proton promoted-, reductive-, and ligand controlled dissolution mechanisms.
It is difficult to estimate the importance of iron oxide dissolution kinetics on the iron dynamics of the rhizosphere. It hinges on the relative rates of dissolution, transport and uptake and only if the dissolution is the slowest step of all these rates it may be rate controlling. Unfortunately, factors such as pH, redox environment and the presence of organic ligands that influence dissolution rates also influence iron oxide solubility (Cornell and Schwertmann 2003) making it difficult to discriminate effects of shifting equilibria from effects of shifting reaction rates.
Strategies for studying iron status in soils and rhizospheres Considering the different iron mobilization strategies used by plants and microorganisms and the range of intensities with which they are employed, the difficulty to define measures of iron availability as a soil property becomes apparent. Nevertheless, methods of determining soil iron availability have been developed (Table 2 ). The most common methods use extractants to mobilize iron from soil material during a specified time and under defined conditions (Chao and Zhou 1983) . Extractants include chelating agents such as DTPA (Soltanpour and Schwab 1977; Lindsay and Norvell 1978) ammonium oxalate (Schwertmann 1964) , citrate/ascorbate (Reyes and Torrent 1997) or reducing agents such as dydroxylamine (De Santiago et al. 2008) . While these extractions targeted only an available iron pool, other methods attempt to detect and quantify several distinct soil iron pools using sequential extractions (Borggaard 1988; Heron et al. 1994) . These sequential extraction procedures were developed not only for the investigation of solid state iron pools but also for the speciation of other nutrients or pollutants (Tessier et al. 1979; Gleyzes et al. 2002) . The iron pools extracted in the sequential extraction steps are usually equated with poorly-crystalline iron oxides, crystalline iron oxides, silicate-bound iron etc. Differences in iron isotope compositions of such pools have been observed and interpreted with respect to the iron cycling in soils (Wiederhold et al. 2007a, b) and plant uptake (Kiczka et al. 2007) . A fundamental problem of single or sequential extraction procedures is the operational definition of the iron pools. In contrast, spectroscopic methods promise to detect soil iron species directly. In order to validate sequential extractions, La Force and Fendorf (2000) observed the effect of sequential extraction steps on concentrations of iron bearing phases in soil using x-ray diffraction, scanning electron microscopy, and x-ray absorption near edge structure (XANES) spectroscopy. This study showed that the extraction steps preferentially leached distinct iron phases, but also that the selectivity and efficiency for removing the target phase is limited. The authors caution that a sequential extraction scheme should be evaluated for any given soil using independent methods. Such methods include x-ray diffraction and X-ray spectroscopy as used by La Force and Fendorf but also other methods. Scheinost and Schwertmann (1999) used diffuse visible reflectance spectroscopy to identify goethite, akaganeite, hematite, maghemites, jarosites, and lepidocrocites. However, ferrihydrite as one of the most labile and presumably bioavailable iron bearing phase in soils was not reliably identified. Similarly, magnetic measurements can be used to identify iron bearing minerals (Hanesch et al. 2006 ), but the measurements are usually dominated by ferrimagnetic minerals such a maghemite or magnetite and important phases controlling iron bioavailability may not be detected. Mössbauer spectroscopy has been successfully used to identify a range of iron bearing phases in soils and has been compared to iron pools as determined to sequential extractions (Parfitt and Childs 1988 ). An advantage of Mössbauer spectroscopy is that it can identify x-ray amorphous phases such as ferrihydrite at low concentrations (Cornell and Schwertmann 2003) .
The most common methods report iron availability defined in terms of content (mol kg −1 ) (Harmsen 2007) . However, root uptake of iron from soil solution constantly perturbs the chemical equilibrium between the soil solution and the iron pool that serves as iron source for biological uptake. If the slow release of iron from these sources limits iron uptake, then iron availability is kinetically controlled. Under these circumstances, the capacity of the iron pool (i.e. quantity of 'available' iron) as measured by the methods discussed above may be less important than the investigation of iron release kinetics and the flux of iron to the root. To our knowledge, few studies exist where kinetics of metal (2000) X-ray spectroscopy Dominant crystalline and amorphous iron bearing phases La Force and Fendorf (2000) Soil color Crystalline and amorphous iron bearing phases Scheinost and Schwertmann (1999) Mössbauer spectroscopy Crystalline and amorphous iron bearing phases Parfitt and Childs (1988) Magnetic measurements Magnetite, maghemite other iron oxides Hanesch et al. (2006) release from soils has been compared to root uptake. Labanowski et al. (2008) studied the release rates of metal ions (Cd, Cu, Pb, Zn) from soils in the presence of EDTA and citrate as extractants. They defined metal pools purely based on their kinetic lability and found that kinetically labile metal pools (with citrate as extractant) are related to short term plant uptake whereas labile metal pools (with EDTA as extractant) are related to long term mobilization of the metals. A different approach is the introduction of an infinite sink for metal ions that does not directly interact with the pools that resupply metal ions to the soil solution. For example, Lehto et al. (2006) have evaluated the use of chelating resins that are covered by a thin diffusive gel layer, a technique called Diffusive Gradients in Thin-films (DGT), to mimic the kinetics of micro-nutrient fluxes to roots. This modelling study addressed the relative importance of pool size and release kinetics in order to assess conditions where kinetic methods would be appropriate to study bioavailability. However, the results were not calibrated against measured plant uptake. Clearly, an infinite sink does not capture the effects of the root induced changes of rhizosphere chemistry. However, in some cases it may be an alternative to the use of an extractant that increases release rates and metal solubilities unrealistically. The use of organisms as reporters of iron availability integrates the thermodynamic and kinetic factors influencing iron availability. Moreover, the use of microorganisms as biosensors introduces a high level of spatial resolution. This approach will be further developed in the section 'Iron uptake by microorganisms'.
Iron uptake by plants
Summary of our knowledge
Iron enters the plant via the root from where it is distributed inside the plant. Generally, iron is present in concentrations of about 10 -500 µg Fe/g dry weight in plant tissues. Iron homeostasis is a tightly controlled process whereby control of the iron transporters is crucial. Due to its easier handling, most of our knowledge has been gained on the soil iron uptake processes taking place after germination (detailed below). Fe mobilisation processes during germination are now being discovered (covered briefly below). Knowledge about transporters involved in iron transport in other parts inside the plant are summarized in recent reviews (Colangelo and Guerinot 2006; Kim and Guerinot 2007) .
As a strategy for restricting excessive uptake of Fe, wetland species have evolved mechanisms for oxidizing ferrous Fe (Fe 2+ ) in the rhizosphere. Plants, living under aerobic soil conditions, have developed two phylogenetically distinct strategies to cope with the extremely low availability of soluble Fe compounds summarized in Marschner and Römheld (1994) . Dicots and nongraminaceous monocots employ a Fe acquisition mechanism termed Strategy I based on the reduction of Fe in the rhizosphere. Under Fe-deficient conditions, such plants exhibit enhanced proton extrusion in the rhizosphere, increased Fe 3+ reduction capacity at the root surface, followed by an uptake of Fe 2+ via a ferrous transporter on the root plasma membrane (Chaney et al. 1972) . As a result, plants elevate the Fe availability in the rhizosphere and enhance its uptake. In response to Fe deficiency, graminaceous monocots release high-affinity Fe-chelating substances from the mugineic acid family, called phytosiderophores. These substances solubilize Fe 3+ and the resulting Fe 3+ -phytosiderophore complexes are taken up by the root cells via a specific plasma membrane transport system without reduction of the ferric ion. This mechanism is termed Strategy II (Römheld and Marschner 1986) and it might resemble the microbial siderophore strategy.
Among the achievements of the past years is the identification of strategy I and strategy II genes that now serve as a skeleton for studying Fe uptake responses (Fig. 1) .
Strategy I
FRO genes: The characterization of Arabidopsis frd1 (= fro2) mutants which do not show induction of Fe 3+ -chelate reductase under Fe-deficient conditions, confirms that Fe must be reduced prior to its transport and that Fe 3+ reduction can be uncoupled from proton release (Yi and Guerinot 1996) . FRO proteins are membrane-bound ferric chelate reductases that belong to the flavocytochrome b family, their topology was recently investigated (Robinson et al. 1999; Schagerlöf et al. 2006) . The Arabidopsis FRO2 is upregulated in root epidermis cells, the sites of Fe uptake, under Fe-deficiency conditions (Robinson et al. 1999) . Iron deficiency-inducible and root forms of FRO2-like genes were also identified from other plant species, for example pea (Pisum sativum L.) and tomato (Lycopersicon esculentum Mill.) (Waters et al. 2002; Li et al. 2004) .
Arabidopsis IRT1 encodes the founding member of a class of eukaryotic membrane-bound metal ion transporters (Eide et al. 1996) , referred to as the ZIP (ZRT, IRT-LIKE TRANSPORTERS) family (Guerinot 2000) . Four histidine-glycine repeats constitute potential metal-binding sites (Eng et al. 1998) . In plants, IRT1 also mediates transport of Mn, Zn, Cd and Co (Vert et al. 2002) . IRT1 protein was found present in the root epidermal membrane and induced under Fe-deficiency (Eide et al. 1996; Vert et al. 2002) . IRT1 homologs have also been characterized in pea, tomato and other plants (Cohen et al. 1998; Eckhardt et al. 2001) .
The AHA gene member mediating the iron mobilization response has not yet been discovered. Several AHA genes were described that are induced by iron deficiency and therefore could potentially mediate this function (Colangelo and Guerinot 2004; Santi et al. 2005 ).
Interestingly, FRO2 and IRT1 are mostly coregulated in Arabidopsis (Vert et al. 2003) and dependent on the action of the basic helix-loop-helix transcription factor FIT (in Arabidopsis) (Colangelo and Guerinot 2004; Jakoby et al. 2004; Yuan et al. 2005) . The FRO2/IRT1/FIT system is conserved. In tomato a similar system was discovered first (FRO1/ IRT1/FER; Eckhardt et al. 2001; Ling et al. 2002; Bereczky et al. 2003; Bauer et al. 2004; Li et al. 2004) . All three components FRO2/IRT1/FIT are essential for plant growth, and loss of a single of the three functions leads to iron deficiency and leaf chlorosis in Arabidopsis (for example Robinson et al. 1999; Henriques et al. 2002; Varotto et al. 2002; Vert et al. 2002; Colangelo and Guerinot 2004; Jakoby et al. 2004) . FIT/FER genes are specifically expressed in roots. Additionally, posttranscriptional regulation controls Fe acquisition proteins FRO2, IRT1 FER/FIT (Connolly et al. 2002; Connolly et al. 2003; Jakoby et al. 2004; Brumbarova and Bauer 2005) .
Interestingly, iron uptake into the root seems to start after the seedling has established (ca. 3 days after imbibition and growth under optimal conditions in Arabidopsis). During germination, plants rely on the mobilization of iron stored in their seed storage organs. Arabidopsis has emerged as an interesting model in this respect because VIT1 was isolated as a transporter for delivery of iron into storage vacuoles of vascular cells in the embryo whereas NRAMP3/ NRAMP4 divalent metal transporters remobilize this vacuolar iron upon germination (Lanquar et al. 2005; Kim et al. 2006 ).
Strategy II
It was found that phytosiderophores are structurally related to nicotianamine. Later, it became evident that nicotianamine is an intermediate in the biosynthesis of the mugineic acid family of phytosiderophores. The precursor was found to be methionine (Mori and Nishizawa 1987) . Methionine is converted to S-adenosylmethionine (SAM) by SAM synthetase (Shojima et al. 1989 ). Nicotianamine synthase produces nicotianamine from SAM and NA is the direct precursor for phytosiderophores (Herbik et al. 1999; Higuchi et al. 1999; Higuchi et al. 2001; Inoue et al. 2003; Mizuno et al. 2003) . The subsequent critical enzymes in this specific pathway are nicotianamine aminotransferase (NAAT) Fig. 1 Schematic representation of Fe acquisition mechanisms followed by dicot and nongraminaceous monocot (strategy I) and gramineceous monocot (strategy II) plants , deoxymugineic acid synthase (DMAS) (Bashir et al. 2006 ), IDS2 and IDS3 (IRON DEFICIENCY SPECIFIC) dioxygenases involved in the production of 3-epihydroxy-2′-deoxymugineic acid and 3-epihydroxy-mugineic acid (Nakanishi et al. 2000; Kobayashi et al. 2001 ). The production of phytosiderophores is increased in response to Fe deficiency, and tolerance to Fe deficiency is correlated to the quantity and the kind of phytosiderophores secreted (Negishi et al. 2002) .
The uptake of Fe 3+ -PS complexes in Strategy II plants occurs through a specialized transporter discovered by investigating the yellow stripe 1 (ys1) mutant of maize, which is unable to respond to Fe deficiency due to a defect in the uptake of Fe 3+ -phytosiderophore complexes. The ZmYS1 gene encodes a plasma membrane protein from the OLIGOPEPTIDE TRANSPORTER (OPT) family (Curie et al. 2001) .
Recently, regulators of the strategy II system were isolated, such as the basic helix-loop-helix protein OsIRO2 (Ogo et al. 2006 , IDEF1 ) and IDEF2 (Ogo et al. 2008) .
Rice induces the genes for iron uptake upon iron deficiency already during the first 3 days of germination (Nozoye et al. 2007) suggesting that iron uptake genes might be induced earlier in grasses than in dicots.
Rice is also able to take up iron via the iron reduction-based mechanism (Ishimaru et al. 2006) . Moreover, transgenic ferric reductase renders rice plants more efficient on iron-limiting soils than regular rice plants ). However it remains unclear whether this property is linked with cultivation of rice on wet soils where Fe 2+ is present in higher quantities than on regular soils.
Strategy and methods for studying iron transport in plants (Table 3) Coupling heterologous expression systems and reverse genetic approaches to clone and characterize plant iron transporters Iron uptake by plant roots has been widely documented through physiological studies up to the mid 90's (Marschner 1995) . However, it is only the last decade that molecular approaches have been used to characterize the actors involved in iron uptake by plants, and to start to decipher the regulatory mechanisms which regulate their synthesis and activity.
The use of heterologous expression systems, coupled to reverse genetic approaches, turned out to be the winning choice to achieve the molecular cloning and characterization of the two major plant iron transporters, namely Arabidopsis thaliana IRT1 Fe) Brown et al. (1965) Measurement of Fe(III)-chelate reductase activity Yi and Guerinot (1996) Molecular Heterologous expression systems -Yeast Eide et al. (1996) -Xenopus oocytes Schaaf et al. (2004) Heterologous nucleotide probes Robinson et al. (1999) Genetic EMS mutant library screening (Arabidopsis) Yi and Guerinot (1996) Reverse genetic (Eide et al 1996; Henriques et al. 2002; Varotto et al. 2002; Vert et al. 2002) and Zea mays YS1 (Curie et al. 2001; Schaaf et al. 2004 ). In the case of IRT1, functional complementation of the yeast fet3fet4 mutant strain, affected both in low and high affinity iron transport, represented the first cloning of a non graminaceous plant iron transporter. However, such a strategy, in any case enabled to establish the in planta function of IRT1. Five years later, three independent laboratories (Henriques et al. 2002; Varotto et al. 2002; Vert et al. 2002) isolated T-DNA insertion mutants in the IRT1 gene. These null irt1 mutants were unable to take up iron in response to iron deficiency, demonstrating that the IRT1 transport activity measured in yeast was indeed responsible for root iron uptake. The molecular cloning and characterization of ZmYS1, from a methodological point of view, is the illustration of the same strategy than the one used for IRT1, but set up in the inverse way. A maize Ac transposon insertion line was isolated and found to map in the same genetic locus than the one of the original maize ys1 mutant (Curie et al. 2001) . From a physiological point of view, this mutant was described in detail much earlier than the molecular cloning of the corresponding gene. It was shown to be unable to take up iron from the environment by its roots (Von Wirén et al. 1994) . Therefore, the maize YS1 gene could have coded either for an iron transporter or for a protein regulating the transporter expression or activity. The use of the Ac flanking regions enabled to clone the YS1 gene and to observe it codes a protein having a topology consistent with a membrane location. However, the ultimate demonstration that it has indeed a transport activity came from its expression in two heterologous systems: the yeast fet3fet4 mutant as for IRT1 (Curie et al. 2001) or Xenopus oocytes (Schaaf et al. 2004 ). This latter heterologous expression system enabled to measure directly the transport activity of YS1 through electrophysiological methods.
The use of such a strategy based on reverse genetics coupled to yeast or Xenopus heterologous expression is presently widely used to characterize Arabidopsis and rice iron transporters involved in the allocation of this metal to the various organs and tissues of a plant (Di Donato et al. 2004; Koike et al. 2004; Schaaf et al. 2005; Kim et al. 2006; Gendre et al. 2007 ).
Expression studies of iron transporters as a tool to document their physiological function
Although expression study of iron transporters, once they are cloned, does not allow a direct understanding of their physiological function in planta, it often gives information to set up phenotyping experiments aiming to compare wild type and mutant genotypes.
For example, expression studies of IRT1 by northern and western blots, and in situ hybridization, coupled with GFP-imaging of the subcellular localization of IRT1 evidenced its localization at the plasma membrane of root epidermal cells, consistent with a role in iron uptake that was established by heterologous expression and phenotyping null mutants (Vert et al. 2002) .
Tracing and imaging iron in plants
A major methodological bottleneck in studying iron transport in plants concerns the difficulty to trace and image this metal. Although it is easy to determine the iron concentration of a given tissue by using spectrometric methods (Le Jean et al. 2005) , this information does not reflect the iron status of a plant. This status not only depends of the quantity of iron but is deeply related to (i) its redox state (ferrous versus ferric), (ii) its chelation to a huge range of small organic molecules and (iii) its compartimentation between various cell types and within intracellular compartments. In addition, these parameters are highly dynamic, and would require to be measured kinetically. Radiolabelled iron ( 55 Fe or 59 Fe) has been used in the past to trace it and even to image it (Brown et al. 1965) . However, more recently, iron imaging has been performed by using sophisticated biophysical methods, enabling to couple reverse genetic and analytical methods, leading to the discovery of in planta functions of transporters. For example, transmission electron microscopy coupled with EDX analysis has been recently used to demonstrate that the Arabidopsis NRAMP3 and NRAMP4 transporters are involved in iron remobilisation from the vacuoles at the germination step (Lanquar et al. 2005 ). This remobilized iron was previously loaded into the seed vacuoles through the VIT1 transporter. The biological function of this vacuolar transporter in Arabidopsis seeds has been precised by the use of synchrotron X-ray fluorescence microtomography to directly visualize iron (Kim et al. 2006) . Concerning dynamic imaging of iron, the use of Positron Emission Tomography of 52 Fe, has enabled to follow in real time the translocation of iron from root to shoot in rice plants (Ishimaru et al. 2006) .
It would be very useful in the future to develop iron-imaging methods applicable to plants, and easy to use routinely. Such methods could be based on the development of fluorescent sensors (Kikkeri et al. 2007) or chelators, as reported for bacterial siderophores, for example (Palanche et al. 1999) .
Iron uptake by microorganisms
Summary of our knowledge
Microbes (bacteria and fungi) have evolved active strategies of iron uptake. Among them, the major one relies on the synthesis of low-molecular weight (generally less than 1,000 Daltons) molecules called siderophores ('iron carrier' in Greek) showing a high affinity for ferric iron (Guerinot 1994) . Ferric siderophores are transported into cells via specific Fesiderophore membrane receptors (Neilands 1981). Bacterial siderophores and membranes receptors are only synthesized under iron stress conditions and are down-regulated by a dimeric protein, the ferric uptake regulator (Fur), which acts as transcriptional repressor of iron-regulated promoters through its Fe 2+ -dependent DNA binding activity, as first described in E. coli (Hantke 1981) . Despite the high diversity among siderophores, with more than 500 so far characterized (Boukhalfa and Crumbliss 2002) , all of them form sixcoordinate octahedral complex with Fe(III) (Guerinot 1994) . They are classified according to the functional groups acting as ligands: catecholates, hydroxamates, hydroxypyridonates, hydroxy-or amino-carboxylates (Bossier et al. 1988; Winkelmann 1991 Winkelmann , 2002 Winkelmann , 2007 , some siderophores include mixed functional compounds (Mossialos and Amoutzias 2007 (Drechsel and Jung 1998) . Fungal siderophores belong to the hydroxamate group (Winkelmann 2001) .
Among bacteria, a lot of attention has been dedicated to the siderophore-mediated iron uptake of fluorescent pseudomonads which is going to be more specifically developed as a study case. This bacterial group of Gram-bacteria belongs to the genus Pseudomonas sensu stricto and includes several species which are either human-animal pathogenic (P. aeruginosa), phytopathogenic (P. cichorii, P. marginalis, P. syringae, P. tolaasii, P. viridiflava) or non-pathogenic (P. aureofaciens, P. chlororaphis, P. fluorescens, P. putida). All these species share the ability to fluoresce under UV light when grown under iron stress conditions (Bossis et al. 2000) . This fluorescence results from the synthesis of pyoverdines which are the major class of siderophores produced by fluorescent pseudomonads and show a high affinity for Fe(III) (Fepyoverdine, K=10 32 ) (Meyer and Abdallah 1978) . The active iron uptake of the fluorescent pseudomnads also relies on the synthesis of protein membrane receptors that are usually specific (Hohnadel and Meyer 1988) . Pyoverdines consist of three parts: a conserved dihydroxiquinoline chromophore, responsible for their fluorescence, a peptidic chain including six to 12 amino acids, a small dicarboxylic acid (or its monoamide) connected amidically to the NH 2 -group of the chromophore. Pyoverdines present one catechol group included in the chromophore and two hydroxamate groups included in the peptide chain (Budzikiewicz 1997) . Pyoverdines have a molecular mass ranging between 1,000 and 1,800 daltons (1,764 for the biggest one reported so far by Meyer et al. 2008) . More than 20 genes are required for the pyoverdine synthesis (Visca et al. 2007 ). The chromophore and the peptide chain are synthesized by non-ribosomal peptide synthases (NRPS) (Mossialos et al. 2002) . First steps of formation of the chromophore are performed by a conserved NRPS (pvdL), whereas the synthesis of the peptide chain is achieved by other non-conserved NRPS explaining why the peptide chains differ among fluorescent pseudomonads. Indeed, there is a high diversity among these siderophores with more than 100 different pyoverdines being characterized so far (Budzikiewicz 2004; Meyer et al. 2008) . Once synthesized, pyoverdines are transported out of the cell and sequester Fe 3+ from the environment, the resulting complexes-Fepyoverdines-are selectively recognized by and bound to TonB-dependent receptors on the outer membrane and then transported into the cell (Faraldo-Gomez and Sansom 2003). The selective recognition of the pyoverdine relies on the diversity of their peptide chain (Meyer et al. 1987) . However there are exceptions and strains have been reported to use siderophores produced by other fluorescent pseudomonads (Mirleau et al. 2000) and even by other microbial groups (Poole 2004) . Because of the toxicity of iron at high concentration and the cost for the cell represented by the synthesis of pyoverdines and related protein membrane receptors, siderophore-mediated iron uptake is only expressed when required under iron deficient conditions through regulation processes. Expression of siderophore synthesis and uptake genes is down regulated by a Fur protein which represses the transcription of genes encoding extracytoplasmic sigma factors which are required for the transcription of pyoverdine genes (Visca et al. 2007) . Pyoverdine synthesis was shown to be also regulated when the bacterial density is high and corresponds to a significant demand in iron by the phenomenon of Quorum Sensing through the production of acyl homoserines lactones (AHLs) (Stintzi et al. 1998; Whiteley et al. 1999) . Fluorescent pseudomonads may also produce additional siderophores such as pyochelin, pseudomonine, quinolobactin/ thioquinolobactin and pyridine-2,6-dithiocarboxylic acid (PDTC) (Cornelis and Matthijs 2007) . These siderophores usually show a lower affinity for Fe 3+ than pyoverdine and their synthesis is repressed by this major siderophore. Further information on the iron uptake by fluorescent pseudomonads can be found in the recent reviews of Visca et al. (2007) and Cornelis et al. (2008) .
Strategies for studying siderophore-mediated iron uptake and microbial interactions (Table 4) Siderophore detection and characterization
The ability of a microorganism to produce siderophores may be assessed in vitro using the chrome azurol S (CAS) assay (Schwyn and Neilands 1987) . Siderophores produced by the tested microorganisms induce a discoloration of the blue color of the CAS medium. Because siderophore synthesis is submitted to complex regulation, the synthesis ability assessed in vitro does not mean that it is actually produced in situ. However, the high density of fluorescent pseudomonads and frequency of AHL producers, and low iron bioavailability in the rhizosphere are expected to be in favour of the siderophore synthesis in this environment. Hydroxamate siderophores have indeed been directly detected in soils with concentrations in soil solution ranging from 10 −7 to 10 −8 M (Powell et al. 1980 ). However, the most often reported strategy for demonstrating siderophore synthesis relies on indirect methods. Pyoverdine synthesis was shown to occur in the rhizosphere by the use of (i) monoclonal antibodies raised against Fepyoverdine (Buyer et al. 1990 ) and of (ii) the ice-nucleation reporter gene inaZ (Loper and Lindow 1994; Duijff et al. 1999) . The reporter gene is under the control of the promoters of ironregulated genes (Loper and Lindow 1997) . Such constructs were made in P. fluorescens Pf-5 (Loper and Lindow 1994) and in P. putida WCS358 (Duijff et al. 1994a ) by fusing a promoter-less ice nucleation activity gene (inaZ) to an iron-regulated promoter regulating the production of fluorescent siderophores. Different methods have been proposed to characterize pyoverdines. The so-called siderotyping is based on analytical and biological methods. As an example of analytical methods, isolectrofocusing (IEF) is based on the physico-chemical properties of the molecules. Indeed, molecules able to complex Fe 3+ have electric charges which make them to migrate when submitted to electric field allowing the characterization of their respective isoelectric pH values (pHi or pI values). Isoelectrofocusing can be followed by UV illumination for pyoverdine detection or more generally, for all siderophores, by an overlay of the gel with the CAS medium (Koedam et al. 1994 ). This characterization can be refined on the basis of the usual specificity of the incorporation of Fepyoverdines by biological methods consisting of cross-feeding (Cornelis et al. 1989) and 59 Fe-siderophore-mediated uptake experiments (Meyer et al. 1997) . Promotion of bacterial growth in iron stress conditions or increased 59 Fe bacterial content in the presence of a pyoverdine chelated with Fe, labelled or not, means that the bacterial strain is able to incorporate the tested pyoverdine and therefore the structure of this pyoverdine corresponds to its own. However, as indicated here above, there are exceptions with bacterial strains being able to incorporate so-called heterologous or xenopyoverdines produced by other strains, these exceptions being ascribed to the ability of multivalent pyoverdines to recognize several receptors or to the presence of multiple receptors for different pyoverdines in a single strain (Mirleau et al. 2000; Meyer et al. 2002; Ghysels et al. 2004) . Siderotyping has been proposed has a taxonomic tool for fluorescent and nonfluorescent pseudomonads (Meyer et al. 2002) . Characterization of the pyoverdine structure and identification of their mass may finally be fulfilled by High Performance Liquid Chromatography (HPLC) coupled with electrospray mass spectrometry (Kilz et al. 1999) .
As indicated here above, several siderophores may be produced by the same organism and especially the synthesis of pyoverdine may mask the ability of fluorescent pseudomonads to synthesize others. The strategy described by Cornelis and Matthijs (2007) consists in testing the remaining ability of a pyoverdine-minus mutant to still discolor CAS medium indicating their ability to produce at least an additional siderophore (Mirleau et al. 2000) .
Analysis of microbial interactions
As stressed in the introduction, iron is essential for most microorganisms. However, its bioavailability is low in cultivated soils and in the rhizosphere in such way that there is a strong competition among microorganisms in soils and even more in the rhizosphere. Schwyn and Neilands (1987) In soils and rhizospheres: monoclonal antibodies Buyer et al. (1990) inaZ reporter gene Loper and Lindow (1994) ; Duijff et al. (1994a Duijff et al. ( , 1999 In plants:
polyclonal antibodies Vansuyt et al. (2007) (1986, 1987) ; Becker and Cook (1988); Loper (1988) ; Meyer et al. (1987) ; Lemanceau et al. (1992 Lemanceau et al. ( , 1993 ; Duijff et al. (1993); Maurhofer et al. (1994) ; Buysens et al. (1996) ; Duijff et al. (1999) ; Robin et al. (2007) ; For review see Lemanceau et al. (2007) The analysis of these interactions requires the characterization and, if possible, the quantification of the iron fraction which is bioavailable. Bioavailable iron can be defined as the portion of total iron that can be easily assimilated by living organisms, according to the general definition of bioavailability given by Harmsen et al. (2005) . None of the chemical methodologies of iron quantification described in the section 'Iron status in soil and rhizosphere' can replace the final application of living organisms to test their ability to use iron in the soil environment. Iron stress conditions for microorganisms can be evaluated in soil indirectly by characterizing their susceptibility to iron starvation. This susceptibility can be assessed by determining the minimal concentrations of a strong iron chelator (8-hydroxyquinoline) inhibiting the growth in vitro of bacterial isolates originating from different soil conditions. This strategy highlighted the lower susceptibility to iron starvation of populations originating from the rhizosphere comparatively to bulk soil populations (Lemanceau et al. 1988b) , indicating the lower availability of iron in the rhizosphere. Another strategy relies on so-called iron biosensors based on the use of the ice-nucleation reporter gene inaZ described above (Loper and Lindow 1997) . Expression of ice nucleation activity from this construct is inversely related to the iron concentration (Fig. 2) .
Use of this inaZ reporter gene in Pf-5 construct indicated that the bacterial cells were mildly ironstressed in the rhizosphere (Loper and Lindow 1994) and that the ice nucleation activities were similar in different root zones (Marschner and Crowley 1997) .
Ice nucleation activity was shown to decline with time, indicating that iron bioavailability increased during plant growth (Loper and Henkels 1997) . However, the bioavailability of a nutrient or a toxic substance varies between various living organisms according to their different acquisition pathways/ capabilities. These organism-dependent variations necessarily stress the limits of the use of biosensors which are based on the utilization of only one given organism for assessing the bioavailability of soil iron because it would only be relevant to those which are close enough to the species used as biosensor.
The general strategy followed to demonstrate the major role of pyoverdine-mediated iron competition in microbial interactions consisted in modifying the bioavailability of iron and looking at the resulting effects of these modifications. Iron biovailability was so far (i) decreased by introducing synthetic (8HQ, see above, and EDDHA) or not (purified pyoverdine) ligands with a high affinity for iron, (ii) increased by introducing iron chelate (FeEDTA) showing a low stability, and (iii) modified by comparing the effect of wild-type strains of fluorescent pseudomonads and their mutants impaired in their ability to produce pyoverdines.
FeEDDHA has a significantly higher stability constant (K=10 33.9 ) (Lindsay 1979) than Fefusarinine (K=10 29 ), the Fe-chelate formed by Fusarium siderophores (Emery 1965; Lemanceau et al. 1986 ). Therefore, EDDHA addition decreases iron availability to F. oxysporum and was shown to reduce germination of chlamydospores and germ tube length in vitro and in soil (Scher and Baker 1982) . In contrast, FeEDTA has a significantly lower stability constant ( K=10 25 ) (Lindsay 1979) than Fefusarinine and therefore increases iron availability to F. oxysporum. Consequently, while the reduced concentration of iron available for F. oxysporum by EDDHA addition led to a decreased disease severity (Scher and Baker 1982; Lemanceau et al. 1988a) , the increased concentration of iron available for F. oxysporum by FeEDTA addition led to an increased disease severity. This strategy enabled Scher and Baker (1982) and Duijff et al. 1999 , Microbial antagonism at the root level is involved in the suppression of fusarium wilt by the combination of nonpathogneic Fusarium oxysporum Fo47 and Pseudomonas putida WCS358, Phytopathology 89:1073-1079) Lemanceau et al. (1988a) to ascribe, at least partly, the natural soil suppressiveness to fusarium wilts to the strong iron competition in these soils. The low availability of iron in naturally suppressive soils, resulting from their physico-chemical properties and from their high biomass, favors microbial populations with a more efficient siderophore-mediated iron uptake such as fluorescent pseudomonads, which express their competitive ability against pathogenic F. oxysporum even more strongly; consequently natural soil suppressiveness to fusarium wilts has been ascribed at least partly to these bacterial populations (Scher and Baker 1980; Lemanceau et al. 1988b) .
Demonstration of the pyoverdine-mediated antagonism against pathogenic microbes was stimulated by the early report of Kloepper et al. (1980) indicating that addition of Pseudomonas sp. B10 or its pyoverdine to soils conducive to fusarium wilts and to takeall rendered them suppressive. They further showed that supplementation of the soils with iron overcame the positive effects of the bacterial inoculation or pyoverdine addition. Possible involvement of pyoverdine in microbial antagonism was then supported by a series of observations: (i) in vitro antagonism by some fluorescent pseudomonads against specific pathogens only occurring when pyoverdines were produced (Kloepper et al. 1980; Misaghi et al. 1982), (ii) positive correlation between the intensity of siderophore synthesis in vitro by different pseudomonads isolates and their ability to reduce chlamydospore germination of pathogenic F. oxysporum in soil (Sneh et al. 1984; Elad and Baker 1985) , (iii) in vitro antagonistic activity of purified pyoverdine against Pythium (Meyer et al. 1987) and F. oxysporum (Lemanceau et al. 1993) , and (iv) reduced chlamydospore germination of pathogenic F. oxysporum in soil upon pyoverdine introduction (Elad and Baker 1985) . The implication of iron competition was demonstrated by showing that the antagonism achieved by the purified pyoverdines was suppressed when these siderophores were chelated with iron and therefore unable to scavenge iron from the medium (Meyer et al. 1987; Lemanceau et al. 1993) . Finally, involvement of pyoverdines in the antagonism against plant pathogens (F. oxysporum, Pythium spp.) and so-called deleterious microorganisms (fluorescent pseudomonads, Pythium spp.) was fulfilled by the use of mutants impaired in their ability to synthesize such siderophore (Bakker et al. 1986 (Bakker et al. , 1987 Becker and Cook 1988; Loper 1988; Duijff et al. 1993; Buysens et al. 1996; Leeman et al. 1996; De Boer et al. 2003) . Pyoverdine-minus mutants are usually obtained by screening a mutant library obtained by random mutagenesis and selecting those which do not fluoresce anymore under iron stress conditions. Single transposon insertions are then selected and sequenced in order to localize their insertion site within the genome (Mirleau et al. 2000) . As an example of the strategy based on the use of pvd-mutant, Lemanceau et al. (1992) showed that P. putida WCS358, but not its pvd-mutant, was able to improve the control of fusarium wilt determined by non-pathogenic F. oxysporum Fo47. Furthermore, pyoverdine synthesis by wild-type strain was shown indirectly by the use of the inaZ reporter gene. The pyoverdine-mediated improvement of the control by P. putida WCS358 was related to a reduced saprophytic density and activity of the pathogenic F. oxysporum as assessed by β-glucoronidase reporter gene in gusA-marked derivative of the pathogen (Duijff et al. 1999) . In addition to their antagonistic activity during the saprophytic phase of the life-cycle of the pathogens, siderophores and other iron-regulated metabolites were shown to be involved in the induction of defense reactions during the parasitic phase of their life cycle (for review see Höfte and Bakker 2007) . As an example, P. fluorescens CHA0 was shown to induce systemic resistance of tobacco against TNV, whereas its pvd-mutant was less efficient than the wild-type. These observations suggest that pyoverdine plays a role in induced systemic resistance (ISR) by CHA0 (Maurhofer et al. 1994) .
Pyoverdine-mediated antagonism contributes to give a competitive advantage to fluorescent pseudomonads. The corresponding demonstrations were performed at the population and strain levels. Population studies consisted in comparing the susceptibility to iron stress of fluorescent pseudomonads isolated from rhizosphere and from bulk soils (Lemanceau et al. 1988b ). The Minimal Inhibitory Concentration (MIC) of 8-8HQ, a strong iron chelator (Geels et al. 1985) , was determined for each isolate. The rhizosphere isolates were significantly more represented in the classes with high MIC values than the soil isolates. It was further shown that there is a gradient between the bulk soil, rhizosphere, rhizoplane and root tissues, the MIC values of pseudomonad populations increas-ing when isolated closer to the roots ). Altogether, these data indicate that populations of fluorescent pseudomonads from rhizosphere are less susceptible to iron starvation than those from bulk soil suggesting that (i) they benefit from a more efficient iron-uptake than those from bulk soil, and that (ii) this efficient iron-uptake might be implicated in their rhizosphere competence (Lemanceau et al. 1988b) . The above hypothesis was tested by evaluating the possible implication of pyoverdine in the rhizosphere competence of a model strain (P. fluorescens C7R12) using a pyoverdine minus mutant (pvd-). The survival kinetics of the wild-type strain and of the pvd-mutant in the rhizosphere were compared in competition, in the absence (gnotobiotic conditions) and in the presence of the indigenous microorganisms (Mirleau et al. 2000; Mirleau et al. 2001) . In the absence of the indigenous microorganisms, bacterial competition was favourable to the pyoverdine producer wild-type, whereas in nongnotobiotic conditions the survival of both strains was similar. In the latter conditions, the fitness of the pvd-mutant in competition with the wild-type strain was assumed to be related to its ability to take-up, as the wild-type strain, pyoverdines from foreign origin (Mirleau et al. 2000) . Altogether, these results suggest that pyoverdine-mediated iron uptake is involved in the rhizosphere competence of P. fluorescens C7R12. The role of siderophore receptor in rhizosphere competence was supported by experiments performed with a mutant of P. fluorescens WCS374 that harboured siderophore receptor PupA from P. putida WCS358 and was then able to utilize Fepyoverdine from WCS358. This ability was shown to give the WCS374 mutant a competitive advantage over the corresponding wild-type strain when co-inoculated with WCS358 (Raaijmakers et al. 1995) .
Integrated approaches for studying the interactions between soils, plants and microbes in the rhizosphere
The previous sections report strategies and methodologies for characterizing (i) the iron status in soils and rhizospheres, (ii) the iron uptake by microbes and plants, and (iii) the iron-mediated interactions. Integration of the corresponding strategies represents a unique opportunity to expand our knowledge and to better understand the complex interactions in the rhizosphere between soils, plants and microbes in relation with the iron dynamics. The plant-microbe interactions can be represented by a feed-back loop, this loop being under the control of the soil physicochemical properties which impact the iron bioavailability. Reciprocally these interactions also affect the soil iron status (Robin et al. 2008) .
The analysis of such a feed-back loop was made recently possible by following an innovative strategy, which did not consist anymore in modifying the rhizosphere iron availability by introducing ligands but rather by monitoring this availability through the plant iron uptake. This was made possible by the use of a transgenic tobacco (strategy I) line overexpressing ferritin (ferritin overexpressor, OV) leading to an activation of the plant iron uptake mechanisms. Consequently, an increase in the plant iron content occurs (Van Wuytswinkel et al. 1999) leading to reduce the iron bioavailability in the rhizosphere of the transgenic line compared to the wild-type tobacco plants (Robin et al. 2006a) . Comparison of the populations of pseudomonads associated with the wild-type and with the OV transgenic line showed that in these populations differed in the two rhizospheres (Robin et al. 2006b . Measurements of the 8HQ CMI for the isolates from the two rhizosphere indicated that those from the iron stressed rhizosphere were less susceptible to iron starvation , they belonged to different siderotypes, and they had a different genetic background as assessed by RAPD-PCR ). Interestingly, these siderophores exhibited a stronger antagonism against a phytopathogenic Oomycete than those produced by populations associated with the tobacco wild-type rhizosphere. Despite this strong competition ability, these siderophores do not compete with the host-plant and even more promote its iron nutrition (Lemanceau et al. unpublished data) . Indeed, plants have evolved a strategy to take up iron from Fe-pyoverdine which is not related to the mechanisms described so far in strategy I plants . The presence of Fe-pyoverdine in the plant was observed and quantified by an enzyme-linked immunosorbent assay (ELISA) thanks to an antibody raised against the pyoverdine and by isotope measurements from 15 N labelled pyoverdine ). Current observations suggest that this incorporation could be ascribed to endocyto-sis of Fe-pyoverdine (Avoscan et al. unpublished data) . Taken together these data clearly show that the decrease of the iron availability in the rhizosphere due to iron overaccumulation by the OV tobacco line leads to the selection of specific bacterial populations which are adapted to this iron depletion through the production of specific siderophores. In return, these populations improve both (i) the plant health via the decrease of phytopathogen saprophytic growth through pyoverdine-mediated iron competition, and (ii) the plant growth by promoting its iron nutrition. Therefore, the cost for the plant represented by the release in the rhizosphere of a major part of their photosynthetates as rhisodeposits is balanced by the benefit for the plant gained with the promotion of its health and growth. Furthermore, fluorescence kinetics of these siderophores showed their high ability to extract iron from soil iron oxides (ferrihydrite, goethite) as assessed by their fluorescence decrease indicating the siderophore chelation with iron (Vansuyt et al. Unpublished data) .
Evidences for reciprocal interactions between iron nutrition of strategy II plants and associated microorganisms have also been reported. Thanks to the construct made in P. fluorescens Pf-5 with the reporter gene pvd-inaZ (Loper and Lindow 1994) , phytosiderophores were indeed shown to repress pyoverdine synthesis, suggesting that these phytosiderophores could be a possible source of iron for the bacteria (Marschner and Crowley 1998) . Similar observations were made by Jurkevitch et al. (1993) when measuring incorporation of 55 Fe from 55 Fe-mugeneic acid by a P. putida strain.
For strategy II plants, only indirect mechanisms may account for improved plant nutrition by pyoverdines due to their significantly higher affinity for iron compared to phytosiderophores (Meyer and Abdallah 1978; Sugiura et al. 1981) . Duijff et al. (1994b) have proposed that possible degradation of Fe-pyoverdines by microbes could lead to the release of iron that would then be available for phytosiderophores. Possible interactions between phytosiderophores and microorganisms in relation with iron depend on their concentration, location and release kinetics. The diurnal production cycle of phytosiderophores results in pulses (Crowley and Gries 1994; Takagi et al. 1984; Reichman and Parker 2007) , during which their concentration in the rhizosphere might be higher than that of microbial siderophores, therefore affecting the ligand exchange in favour to phytosiderophores (Jurkevitch et al. 1993; Yehuda et al. 1996) . However, one should be cautious with this hypothesis because of the thermodynamic and kinetic constraints involved in such ligand-exchange processes, which even if they occurred in the rhizosphere, would be too slow to contribute significantly to plant iron nutrition. Besides these temporal aspects, the chelation efficiency of iron by phytosiderophores also relies on their spatial location. Their release occurs at greater rate in apical root zones (Marschner et al. 1987) corresponding to where the rhizodeposition is maximal (Nguyen 2003) . Despite this observation, interactions between phytosiderophores and microorganisms are likely to be quite low because the rhizosphere effect on microorganisms mostly occur at some distance from root apex (Gamalero et al. 2002; Yang and Crowley 2000) due to the longer time required for root elongation than for microbial growth upon root exudation. However, in plants producing only low amounts of phytosiderophores (Sorghum bicolour L. Moench, Zea mays L.), their degradation by microorganisms could negatively affect plant iron content, whereas such negative effects were not recorded in plant (Hordeum vulgare L.) producing higher amounts of phytosiderophores (Von Wirén et al. 1993 , 1995 . According to the general model of Darrah (1991) , secretion of phytosiderophores in massive amounts in restricted spatial and temporal windows would represent an efficient strategy for plants to minimize their microbial degradation in the rhizosphere, compared to the secretion of similar amounts all along the root length and all along the day.
Concluding remarks
Iron is an essential element for organisms which densities are high in the rhizosphere. However, in cultivated soils, iron is mostly complexed as hydroxides, oxyhydroxides and oxides and its solubility is low. Therefore, plants and microorganisms have evolved active strategies of iron uptake. These strategies interact together and result in complex relations between plants and microorganisms in the rhizosphere. These relations are under the control of the soil physico-chemical properties. They may either involve competition or mutualism and are driven by co-evolution processes.
An example of competition commonly illustrated is that achieved by fluorescent pseudomonads against some eukaryotic plant pathogens. This competition induces a decrease of the pathogen growth in the rhizosphere and leads to the health promotion of the host-plant which supports these bacteria via the root exudates. The mutualistic interactions between the host-plant and associated fluorescent pseudomonads involve also the promotion of the plant iron nutrition by the bacterial siderophore. On the other way round, phytosiderophores seem to enhance iron nutrition by fluorescent pseudomonads. Among microbial populations, incorporation of heterologous siderophores by microorganisms may give them a competitive advantage over those which do not show this ability.
Illustrations of the complex interactions given in the present manuscript show the added value of bringing together expertises in soil science, plant biology and microbiology. Significant progresses have been made in the methodologies to characterize the iron status in soil, the iron-uptake mechanisms by plants and microbes, and in the interactions between soils, plants and microorganisms. Further studies are now required for analyzing the cost of the different types of interactions in regard to their benefice for the organisms involved. From an ecological point of view, one may indeed expect that the stability of these complex interactions is regulated by the ratio between the cost and the benefice for each type of organism.
Analysis of these complex interactions between soils, plants and microbes in relation with iron dynamic represents a unique opportunity to progress in our knowledge of the rhizosphere ecology. These progresses are expected to provide information and tools enabling us to develop strategies to improve plant iron nutrition and health with decreases in the application of chemical inputs by making attempt to monitor these complex interactions.
